31.2 years and that of the other group, 24.4 years. One subject in each group (no. 10 and 16) was studied twice; because of technical difficulties, the first study on Subject 16 was stopped after 30 minutes and repeated at a later date. The studies were performed in an air-conditioned laboratory during the morning when subjects were in the postabsorptive state. A Cournand needle was placed in the radial or brachial artery and either a polyethylene catheter was threaded into the axillary vein, or a cardiac catheter passed to the superior vena cava via an antecubital vein. Subjects were then allowed to rest in the supine position for approximately 45 minutes, when samples of arterial blood were taken and heart rate was recorded by an electrocardiograph.
Subjects then walked on a motor-driven treadmill at 3.0 miles per hour and an 18% grade to the point of severe fatigue, or for at least an hour. Severe fatigue and dyspnea forced the "sedentary" subjects to stop walking after 15 to 36 minutes, whereas the "physically active" men continued for at least an hour without evidence of significant fatigue or desire to rest.
Arterial blood samples for free fatty acids (FFA), lactate, pyruvate, and glucose were drawn at least once in the first 5 minutes of exercise and at 5-to 10-minute intervals throughout exercise. Samples were also taken during recovery (supine position) in most instances. The total amount of blood removed was 250 to 300 ml. Cardiac output, oxygen consumption, and pulmonary ventilation were usually measured 2 or 3 times during exercise. Heart rate was monitored frequently by the electrocardiograph.
Cardiac output was measured by the dye dilution technic with collection of multiple 1-second samples of arterial blood after injection of Evans' blue dye through the venous catheter (9) . Ventilation was measured by collection of expired air through a low-resistance valve into a Douglas bag, and oxygen consumption was calculated from oxygen content of expired air as determined by the Scholander technic (10) , or the Pauling paramagnetic oxygen analyzer. In six instances, ventilation and oxygen consumption during exercise were measured with a 13.5-L Collins respirometer before or after the prolonged exercise test.
Arterial concentrations of lactate were determined by the method of Barker and Summerson (11) with Huckabee's modification (12) , pyruvate as described by Segal 
RESULTS
Hemnodynamic responses. The two groups demonstrated several noteworthy differences as well as similarities in the cardiac responses to exercise (Table I) . Stroke index was greater in the physically active group during all comparable periods of exercise ( Figure 1 ). The average stroke index in the first 40 minutes of exercise was 59.4 ml per beat per m2 in the sedentary group and 68.3 ml per m2 (15%o greater) in the physically active group (p < .02). Heart rate, as might be expected, was greater during each period of exercise in the sedentary group, where all subjects developed marked fatigue and dyspnea and stopped walking after 15 to 36 minutes (average, 23.7 minutes). The average minute heart rates in the sedentary group were greater by 27, 35, and 36 beats during minutes 4 to 6, 10 to 14, and 18 to 27, respectively. Heart rate rose progressively and significantly during exercise in all subjects ( Figure 1) . In both groups, the increase in heart rate was accompanied by a significant reduction in stroke index. Compared to the stroke index during minutes 4 to 6, there was an average fall of 16%o during minutes 18 to 27 of exercise in the sedentary group (p = .03) and 1%7o in the physically active group (p = .03). The final stroke index (40 to 60 minutes) in the physically active group was 14%o less than the first determination during minutes 4 to 6 of exercise (p < .001).
The average oxygen consumption was 1,119 ml per m2 in the sedentary group and was not significantly different from the mean of 1,066 ml per m2 in the physically active group. Average total pulmonary ventilation was 60. utes of exercise. The average oxygen pulse in the sedentary group was 6.4 ml per beat per m2 and was significantly less than the average of 7.5 ml per beat per m2 in the other group (p < .001).
In 12 subjects (4 sedentary and 8 physically active), measurements of oxygen consumption were repeated at intervals greater than 20 minutes. The variations in replicate oxygen consumption averaged 4.7%o and ranged from + 16 to -1%.
As mentioned above, heart rate in the sedentary group was considerably greater than in the physically active group. Stroke index in the former group averaged less, however, so that the cardiac index was virtually equal in the two groups (Figure 2) . Cardiac index did not show any consistent change during the period of exercise, and the averages in the sedentary group were 10.1, 10.5, and 10.1 L per minute per m2 during minutes 4 to 6, 10 to 14, and 18 to 27, respectively. In the physically active group, comparable values for average cardiac index were 9.9, 10.0, and 9.7 L per minute per m2 ( Figure 2 Figure 3 ). Figure 3 ). Thus the average )f cardiac index in both groups was con-XL in this group was 0.84 mM in minutes 3 to 5 from 6.7 to 12.8 L per minute per m2 and fell to 0.45 mM in minutes 14 to 16, whereas t period of sampling. The calculated average levels of XL in the sedentary group were us oxygen differences averaged 110.0 3.26 and 5.08 mM in the same periods (p < .003) ml per L in the sedentary and physically (Table II) . XL in the sedentary subjects tended ips, respectively.
to reach a plateau near the end of endurance, and trial hematocrit did not change during in 3 instances it fell moderately in the final mine (average change from the first to last utes ( Figure 3) . Nevertheless, XL continued to ion was -.001 o), and the average increase to a greater or lesser degree throughout in both groups was 48%o.
exercise in the sedentary subjects. In contrast, ic metabolism. Striking differences in the peak XL occurred at a much lower level within tate and calculated excess lactate (XL) the first few minutes in the. physically active sub- '--00 t-00% oU.)00\0%00 ot 4 ei 06 w ior: 0Ci o0 %0 e _--U" e) e00t-.00 4o --4 if;c4ie'i4 6-~4 4-1z-
Nt-z4 N -ie; o6el-~o cl6 were significantly higher in the sedentary group after the first few minutes of exercise (Table II) . In minutes 14 to 16, the average concentration in the sedentary subjects was 0.22 mM, compared to 0.12 mM in the physically active group (p < .003).
After an hour of walking, the pyruvate value in the latter group was essentially unchanged and significantly less than the final pyruvate in the sedentary subjects (p < .002). Arterial concentrations of glucose in some subjects varied considerably in magnitude and direction during this exercise. By the end of exercise, the average change in glucose was -7.0 mg per 100 ml in nine sedentary subjects and + 0.5 mg per 100 ml in eight of the physically active group so studied (Figure 4) . The change in glucose was not correlated with cardiac index, change in heart rate, or stroke index. Final XL during exercise was poorly correlated with the change in glucose when both groups were examined (r = 0.47) ; however, in six sedentary individuals where correlation could be made, there was a relationship significant at the 5%7o level of confidence (r = + 0.83).
Plasma FFA. The concentration of arterial plasma FFA fell promptly after exercise was initiated, as shown by the mean curves for the two groups in Figure 5 . The average nadir in these curves occurred at 10 and 9 minutes in the sedentary and physically active groups, respectively, and represented respective decreases of 39 and 33%o (Table II) . These values of FFA are not corrected for the reduction in plasma volume known to occur with exercise. If a correction were made, the exercise values would be approximately 15 o lower and the changes somewhat greater ( 18) .
After the initial fall, FFA slowly rose as exercise was continued. In the sedentary subjects, the average FFA was still 26% below the control level at the time of "maximal" endurance. A similar rise in FFA was seen in the other group ( Figure 5 ), where capacity for exercise was markedly greater and the continued rise of FFA more apparent; just before exercise was stopped, after an average of 63 minutes, the mean FFA was 26%o greater than the pre-exercise concentration.
After exercise, a rapid increase in FFA was seen in all subjects (Table II) 
DISCUSSION
The quantitative differences in the hemodynamic responses to exercise between the two groups are of interest. In one group, this level of exercise represented the subjects' maximal endurance after an average of 24 minutes. On the other hand, for the physically active group, largely represented by well-trained mountain climbers, this same level of exercise was submaximal even after an hour. This latter group exhibited a significantly lower heart rate and greater stroke index during exercise. Since the average cardiac index was nearly equal in the two groups ( Figure  2) , the greater endurance of the physically active group cannot be accounted for by enhanced cardiac output. It would appear more likely that under the specific conditions of these studies, the basis for the prolonged endurance and lack of fatigue was related to peripheral circulatory or metabolic adaptions, or both, associated with physical conditioning. 806 Freedman and colleagues (19) studied three members of a track team, two of them before and after 2 months of competitive running. These investigators, using cardiac catheterization technic and direct measurement of pulmonary arteriovenous differences, found no changes in cardiac outputs or arteriovenous differences after further physical conditioning. Their observations were made at moderate levels of exercise and for short periods of time. They did not study sedentary subjects or maximal responses to exercise; however, they speculated that local tissue factors might be more important than cardiorespiratory phenomena in accounting for the benefits of training.
A continuous increase in heart rate was observed in both the sedentary and physically active groups ( Figure 1 ). Although heart rate during light exercise is known to be quite stable for long periods, heavier work is frequently accompanied by a secondary rise, and exhausting work by a continuous increase in heart rate (20, 21) . The mechanisms responsible for the slowly increasing heart rate are not known; possibly this may be due to elevated body temperature. Since the physically active group accumulated almost no XL after the first few minutes, anaerobic metabolism and its consequences probably were not of significance in augmenting the heart -rate of this group. The larger increment in heart rate observed in the sedentary subjects, however, may have been in part secondary to the metabolic changes of anaerobiosis. The reduction in stroke index observed during prolonged exercise is not readily explained. Although stroke index did not fall regularly in all subjects, the changes between the first and last observations during exercise appear to be significant, particularly in the physically active group. Whatever the mechanisms, a "steady state" of stroke volume and heart rate was not realized in either group under the conditions of this study. It is unlikely that the removal of approximately 250 ml of blood over this period would account for the reduction in stroke index.
Previous studies (22) have shown that acute bleeding of 2 to 3 times the amount slowly removed in the present study produced a 12% reduction in resting stroke volume. Since the hemodynamic effects of acute bleeding are to some extent transient (23) and since the amount removed was relatively small, we believe that the observed reduction of stroke index was largely unrelated to loss of blood volume.
Accumulation of XL in the sedentary individuals clearly separated them from the physically active subjects (Figure 3) . Since the accumulation of XL probably reflects intracellular oxidative potential and appears to be a good estimate of the degree of anaerobic glycolysis (17), we conclude that the sedentary group responded to this strenuous exercise with increased anaerobic muscle glycolysis. It has been known for some time that athletes, compared to untrained persons, have lower levels of blood lactic acid during exercise (6, 24, 25) , and previous investigators have attempted to correlate venous lactic acidemia with oxygen debt (26, 27) . Since blood lactic acid includes variable amounts of lactate unrelated to hypoxia, Huckabee's concept of XL, compared to the use of forearm venous lactic acid, affords considerable theoretical advantage for the recognition and quantitation of anaerobic metabolism (17) .
Bang (24) as well as Tepperman and Tepperman (28) suggested that lactic acid accumulation during exercise was secondary to inadequate cardiorespiratory responses immediately after the onset of muscular exercise. The initial rapid increase in XL in our subjects tends to support this. The continued rise of XL in the sedentary subjects, the fall of XL in the physically active group, and the finding of nearly equal cardiac outputs in both groups suggest, moreover, that anaerobic metabolism, after the first few minutes, was probably a consequence of peripheral muscle factors rather than secondary'to an "inadequate" cardiac output.
It seems probable that anaerobic pathways may be utilized as a result of several hemodynamic mechanisms, including reduction of cardiac output and oxygen transport capacity of blood, alterations in the distribution of blood flow, vascular obstruction, and arteriovenous shunting, all of which may produce relative inadequacy of oxygen diffusion in the capillaries. Two mechanisms that might facilitate muscle oxygen transport in physically trained persons come to mind. First, the capillary bed of hypertrophied muscles may be increased (29) . If this is the case, a greater diffusing area per unit of muscle mass would tend to promote oxygen transport to the working muscles. 807 Secondly, vasomotor control of small vessels might function so as to reduce arteriovenous shunting or otherwise alter circulatory pathways, thereby increasing the perfusion of contracting muscles. In this regard, the responses to the hyperthermia of prolonged exercise might be of considerable importance. The possibility of pulsatile blood flow facilitating cellular metabolism is also an interesting one that would seem to merit further study (30) . Also, adaptive metabolic mechanisms might be implicated in facilitating the utilization of more efficient aerobic pathways by athletes and "physically conditioned" persons. In this regard, Reynafarje (31) has reported higher concentrations of myoglobin and certain oxidative enzymes in muscles of persons adapted to high altitude. Studies of muscle biopsies in our subjects are currently in progress.
The two groups could also be separated by the average levels of arterial pyruvate during the later periods of exercise, when pyruvate was significantly less in the physically active subjects. A decreasing pyruvate level during exercise in athletic young men has been reported previously (32, 33) . The mechanisms responsible for this phenomenon are not known.
The early fall in FFA with exercise confirms previous reports (34) (35) (36) . Studies designed to demonstrate the contributions of mobilization and utilization of FFA during short periods of exercise have led to somewhat different conclusions. Friedberg It has been suggested that the early fall in FFA with exercise is consequent to the increased blood flow in exercising muscles (37) . Supporting evidence for this was the correlation between the augmentation of heart rate and the change in FFA reported by Carlson and Pernow (18) and confirmed to some extent in this study (r =-0.49. Figure 6 ); in fact, there was a tendency for those with the largest outputs to show the least change in FFA (r = 0.44). It would appear that the reduction in FFA and the increased heart rate of exercise are associated phenomena, their correlation being independent of cardiac output per se. It is possible, however, that direct measurements of muscle blood flow might correlate with FFA reduction.
There was a correlation between early FFA change and simultaneous XL (r = -0.48, p = 0.02), indicating a tendency for the sedentary persons with more rapid heart rates and greater anaerobiosis to show a somewhat larger fall in FFA in the first minutes of exercise.
SUM MARY
Responses to prolonged strenuous exercise were compared in a group of sedentary subjects and in a group of well-conditioned, physically active men. An identical speed and grade of treadmill walking was used for all studies. Anaerobic metabolic pathways were utilized to a much greater degree in the sedentary subjects, who became exhausted after an average of 24 minutes. In the physically active group, excess lactate initially rose slightly and subsequently fell to a low plateau for an hour. Although stroke volume was greater and heart rate less in the physically active group, cardiac output was virtually the same in both groups. Thus, the anaerobiosis and poor endurance in the sedentary group could not be explained on the basis of inadequate cardiac output.
These data suggest that increased endurance for exercise in trained persons is, at least in part, a circulatory phenomenon related to distribution of muscle blood flow, or an undefined metabolic adaptation associated with skeletal muscle hypertrophy.
Plasma free fatty acids fell initially and slowly rose above the resting value during prolonged exercise. Further rebound of free fatty acids in recovery was consistent with increased mobilization persisting after exercise. Free fatty acid changes were similar in both groups.
Arterial hematocrits during exercise were equal in both groups and did not change during the exercise period.
Heart rate rose progressively during the constant work load in all subjects, and the average stroke index fell significantly by an average of 11 to 16%o, indicating that the so-called "steady state" of exercise does not apply to these measurements under the conditions of prolonged, strenuous, upright exercise.
